Poly(A) signals are required for efficient 3¢ end formation and transcriptional termination of most protein-encoding genes transcribed by RNA polymerase II. However, transcription can extend far beyond the poly(A) site before termination occurs. This implies the existence of further downstream termination signals. In mammals, a variety of sequence elements, in addition to the poly(A) site, have been implicated in the termination process. For example, termination of the human b-and e-globin genes is mediated by a sequence downstream of the poly(A) site that promotes an RNA cotranscriptional cleavage (CoTC). Here we report the identification of multiple termination sequences in the mouse serum albumin (MSA) 3¢ flanking region. Many transcripts from this region are cleaved cotranscriptionally, implying that such cleavage of pre-mRNA may be a more general feature of transcriptional termination.
INTRODUCTION
Transcriptional termination by RNA polymerase II (Pol II) is an important step in gene expression. It serves to maintain an active pool of Pol II and to insulate downstream promoters from nonterminated polymerases originating from upstream genes (Greger and Proudfoot 1998) . Transcriptional termination proceeds via cessation of RNA synthesis followed by Pol II-DNA dissociation. The 3¢ end of protein encoding genes, with the exception of replication-dependent histone genes, is defined by a poly(A) signal, which is required for efficient 3¢ end formation. It consists of an upstream, largely invariant, hexanucleotide sequence (AATAAA) followed by a more variable GU-rich tract (Proudfoot and Brownlee 1976; Gil and Proudfoot 1984; McLauchlan et al. 1988; Zhao et al. 1999) . The poly(A) signal provides a binding platform for various trans-acting proteins, which participate in cleavage of the primary transcript. The actual site of transcript cleavage lies between the AAUAAA and GU-rich elements, commonly after a CA di-nucleotide (Sheets et al. 1990 ). The upstream product of cleavage is subject to a polyadenylation reaction, which acts to protect the transcript from exonucleases, promote its export to the cytoplasm (Huang and Carmichael 1996) , and enhance its translation (Kahvejian et al. 2005) . The poly(A) signal was shown to be vital for transcriptional termination (Whitelaw and Proudfoot 1986; Connelly and Manley 1988; Edwalds-Gilbert et al. 1993 ). Many of the proteins identified as having a role in cleavage and polyadenylation are also essential for transcriptional termination (Birse et al. 1998; Proudfoot 2004) .
In yeast, Pol II transcriptional termination occurs shortly after the poly(A) signal, perhaps reflecting the close spacing of genes in this organism (Hyman and Moore 1993; Birse et al. 1998 ). However, in higher eukaryotes transcriptional termination occurs at varying distances beyond the poly(A) signal (Proudfoot 1989) . For example, transcriptional termination of the liver-specific C2 complement gene occurs very close to the poly(A) site and involves Pol II pausing (Ashfield et al. 1991) . Pause sequences have also been shown to aid in termination of both human g-globin genes (Plant et al. 2005 ) and the human a-globin gene . In contrast, termination of the human b-and e-globin genes occurs hundreds of base pairs downstream of the poly(A) site and requires cotranscriptional cleavage (CoTC) of 3¢ flanking RNA sequences (Dye and Proudfoot 2001) . In this case, a combination of a functional poly(A) site and the downstream CoTC sequences elicits termination.
Two prevailing models are used to explain transcriptional termination: the anti-termination and the torpedo hypoth-eses. The anti-termination model postulates the existence of proteins, associated with elongating Pol II, that normally function to prevent transcriptional termination. Dissociation of anti-termination proteins, following transcription of a functional poly(A) site, results in Pol II-DNA destabilization and subsequent termination (Logan et al. 1987) . Alternatively, association of a termination factor at the poly(A) site could also bring about termination. The torpedo model proposes that the downstream product of poly(A) site cleavage acts as a substrate for 5¢ ! 3¢ exonuclease-mediated degradation. Transcriptional termination then occurs, in part, through the degrading exonuclease catching elongating Pol II and causing it to release from the DNA template (Connelly and Manley 1988; Proudfoot 1989) .
Accumulating experimental results show that the actual mechanism of termination is likely to be a synthesis of both models (Proudfoot 2004) . For instance, the human protein PC4 has been shown to act as a suppressor of termination (Calvo and Manley 2001) . Dissociation of PC4 upon transcription of the poly(A) site renders Pol II prone to transcriptional termination in a way analogous to the anti-termination model. Furthermore, multiple studies have revealed differences in the protein components of the elongating polymerase upstream and downstream of the poly(A) site (Ahn et al. 2004; Kim et al. 2004a ). One such protein, Pcf11, was shown to promote release of stalled Pol II complexes in vitro, indicating that it may play a role in promoting transcriptional termination in vivo (Zhang et al. 2005) . Two recent parallel studies have provided support for a torpedo component of the termination process in both yeast and man. We have shown that the 5¢ ! 3¢ exonuclease, Xrn2, promotes transcriptional termination of the human b-globin gene by targeting sites of CoTC ). Degradation of the nascent RNA by Xrn2 contributes to efficient termination. These observations differ from the original torpedo model in that the exonuclease torpedo is likely to degrade RNA 5¢ ends generated by CoTC sites rather than the poly(A) signal. However, consistent with the original model, studies using a transcriptional pause site show that Xrn2 might also promote termination through degradation of the 3¢ product of poly(A) site cleavage (N. Gromak, S. West, and N.J. Proudfoot, unpubl.) . Similarly, in yeast it has been demonstrated that the 5¢ ! 3¢ exonuclease, Rat1, degrades the downstream, Pol II-associated, product of poly(A) site cleavage leading to termination (Kim et al. 2004b) . In summary, transcription of the poly(A) site renders Pol II terminationcompetent. Interplay between anti-termination factors acting on elongating Pol II and exonucleolytic degradation of RNA brings about termination. The existence of both CoTC and pause site termination signals as well as alternative exonuclease entry points in mammals points to a greater complexity in the termination mechanism of mammals as compared to yeast. Principally, there is clear necessity for auxiliary termination signals downstream of the poly(A) signal in mammals.
Very few downstream termination elements have been characterized in higher eukaryotes. Even so, they are expected to be widespread since most detailed studies on transcriptional termination of individual genes imply the presence of such termination sequences (Citron et al. 1984; Hagenbuchle et al. 1984; Ashfield et al. 1991; Enriquez-Harris et al. 1991; Dye and Proudfoot 2001; Peterson et al. 2002) . However, there appears to be extensive heterogeneity among the defined termination elements and the potential ways that they exert their effect on Pol II. In order to begin to carry out genome-wide searches for terminator sequences, further examples must be characterized. Here we define termination sequences for the mouse serum albumin (MSA) gene. Analysis of endogenous MSA transcription, together with a plasmid-based transfection, reveals sequence elements that promote transcriptional termination. Moreover, we have crudely mapped the regions responsible for the termination activity and show that they function in the absence of surrounding sequences. We also demonstrate that many transcripts emanating from this region are cleaved cotranscriptionally. Our study supports a view that termination sequences are widespread in higher eukaryotes and that cleavage of 3¢ flanking region RNAs may be a feature of many such elements.
RESULTS

RT-PCR analysis of MSA 3¢ flank transcripts
Albumin is highly expressed, mainly in the liver, and is an important component of serum. In view of its high expression levels, we reasoned that transcriptional termination may occur in a regulated fashion. Early data indicated that transcription of MSA terminated within a broad region, 1-2.5 kb downstream of the poly(A) site (Liu et al. 1988 ). We therefore investigated the possible existence of termination elements within the MSA 3¢ flanking region. First, RT-PCR was used to map the site of transcriptional termination. RNA isolated from mouse liver was used as a template for the synthesis of five separate cDNAs (Fig. 1A) . Individual cDNAs were synthesized using primers positioned at increasing distances from the poly(A) site (Fig. 1A, A-E) . Subsequently, the cDNA primer and an upstream primer (F), positioned just downstream of the poly(A) site were used for PCR amplification. Products were obtained from cDNAs A-C but not D and E (Fig. 1A, top panel) . This indicates that transcriptional termination occurs between the positions of primers C and D (0.8-1.4 kp downstream of the poly(A) site). An alternative explanation (discussed later) could be that transcripts exist in the 3¢ flank region that primer D binds to but are not continuous with the position of primer F. As a control, the equivalent 3¢ flank region was transcribed in vitro and analyzed in an identical fashion. In this case PCR bands were observed from all cDNAs (Fig. 1A, lower panel) . This suggests that the lack of products D and E from the mouse liver RNA is not due to an inability of primers D and E to prime cDNA synthesis or subsequent PCR amplification. To check that Pol II was released within the MSA 3¢ flanking region, its levels were examined by chromatin immunoprecipitation (ChIP) (Fig.  1B) . Real-time PCR analysis was employed to allow quantitative analysis of these data. The density of Pol II was analyzed over three regions of the MSA gene (see diagram in Fig. 1B ). Although Pol II pull-down efficiency was low, significant levels were detectable within the ORF but not within the selected portion of the 3¢ flanking region (downstream of the termination site mapped by RT-PCR). Therefore, the absence of a signal from RT-PCR analysis correlates with Pol II release from the template.
Nuclear run on analysis of MSA gene termination
To examine MSA transcriptional termination more precisely, we performed nuclear run on (NRO) analysis using a plasmid transfection system incorporating the MSA 3¢ flank. The high transcription levels achieved from such a plasmid transfection system is vital to obtaining adequate NRO signals. We utilized a human b-globin gene construct previously employed (Ashe et al. 1997; Proudfoot 1999, 2001) , since the b-globin termination sequences are well defined. Thus, termination effects observed upon insertion of foreign DNA are easy to assess. The b-globin CoTC termination element was deleted and replaced with the first $2.4 kb of MSA 3¢ flank, containing the putative termination element ( Fig. 2A) . HeLa cells were then transfected with the construct (bAlb) and Pol II transcription on the plasmid was examined by NRO (Fig. 2B ). To analyze transcription over the MSA 3¢ flank insert more precisely, a panel of single-stranded M13 probes (A1-A7) were constructed (see diagram in Fig. 2A ). Further probes were used to analyze transcription over the HIV promoter (P), b-globin exon 3 (B3), and between the b-globin poly(A) site and MSA insert (B4). Also, M13 alone (M) was employed to give a measure of background hybridization of NRO transcripts to the vector backbone. Positive hybridization signal (above M background) is indicative of actively transcribing Pol II at that position on the template. Significant signals were seen over probes P-A3 but not over probes A4-A7, indicating that transcriptional termination occurs within probe A3 (see graph in Fig. 2B ). This is in agreement with the data obtained in Figure 1A since probe A3 spans a region between primers C and D. As a control for hybridization efficiency, a radiolabeled, in vitro transcribed, MSA 3¢ flank-specific RNA was hybridized to probes A3-A7 (Fig. 2C) . In contrast to the in vivo result, high signals were observed over all probes. This clearly shows that an absence of signal over these probes, in vivo, was not due to inefficient hybridization of RNA to the M13 probes specific to regions A3-A7. Importantly, because equal amounts of RNA specific to each probe were used in this analysis (Fig.  2C ), the ratios of signals obtained are representative of the profile that would be observed in the absence of termination in vivo. As a final control, NRO analysis was carried out on untransfected HeLa cells (Fig. 2D ). In this case, no above background signal was seen over any of the MSA specific probes, showing that there is no cross-hybridization of cellular transcripts to these probes. In summary, the transient transfection system appeared to be an accurate representation of events at the endogenous locus. Termination occurred between 800 bp and 1.2 kb downstream of the poly(A) site as seen in the previous RT-PCR experiment.
In all genes tested, a poly(A) site has been shown to be a critical determinant of Pol II transcriptional termination. We thus deleted the b-globin gene poly(A) site from bAlb, forming bAlbDpA, and examined the effect of this deletion on termination by NRO analysis, using the same M13 probes employed in Figure 2B (Fig. 3A) . In line with previous data, Quantitation is represented as the fold extra signal obtained by using a Pol II-specific antibody to pull down chromatin as opposed to no antibody.
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Dissection of MSA gene termination signals
To identify the minimal sequence(s) forming the termination element, a series of deletions was made within the MSA 3¢ The triplet band pattern obtained in bAlb for the b-globin poly(A) site reflects some over digestion by S1 nuclease at this AT-rich 3¢-end sequence in addition to cleavage at an upstream, cryptic, poly(A) site. P-and P+ are control lanes showing probes either undigested or digested with S1 nuclease, respectively. flank insert. Four additional constructs were made, from which regions A5 and A6 (bDA5-A6), A4-A6 (bDA4-A6), A3-A6 (bDA3-A6), or, finally, the 3¢ part of A2-A6 (bDA2-A6) were deleted. The effect of these deletions on termination efficiency was assessed by NRO analysis of HeLa cells transfected with the individual constructs (Fig. 4A) . In this case two further M13 probes were introduced to detect transcriptional readthrough: probe A, positioned $300 bp downstream of the MSA 3¢ flank insert, and probe U3, positioned upstream of the HIV promoter ($2.5 kb downstream of MSA 3¢ flank insert) (see Fig. 2A ). Deletion of either regions A5-A6 or regions A4-A6 had no significant effect on termination because signals over probes A7, A, and U3 remained close to the background (Fig. 4A, panels 1,2) . This was expected, as termination was shown to occur upstream of these regions by NRO (Fig. 2B) . However, removal of A3 (in bDA3-A6) did not abolish termination (Fig. 4A, panel 3) . This was somewhat surprising because the NRO in Figure 2B showed that this was the point at which active transcription ceased. Termination is, however, lost upon the additional deletion of $200 nt (bDA2-A6) (Fig.  4A, panel 4) . This suggests that the signal to terminate is conferred by transcription of region A2, but the effect on Pol II transcription is delayed for a few hundred base pairs. This conclusion is supported by the observation of slightly higher signal over probes A7, A, and U3 with the bDA3-A6 construct when compared to the signals seen over these probes with both bDA5-A6 and bDA4-A6 (see graph in Fig. 4A ). The U richness of the A3 RNA sequence may also account for an exaggerated Pol II signal intensity over this region in Figure 2B . To examine the effect of region A1 on termination, we deleted it from bDA3-A6 to leave only A2 (forming bA2). NRO analysis on cells transfected with bA2 resulted in low signals over probes A and U3 (Fig. 4B) . This shows that the majority of the termination activity is encoded by A2 and that there is no significant contribution by A1. Importantly, this result shows that the A2 termination element functions at varying distances from the poly(A) site. This is analogous to the CoTC termination elements found in the human b-globin gene.
In the human b-globin gene 3¢ flank there are multiple termination elements that are able to terminate transcription independently. We wanted to look for similar sequences beyond the normal site of termination in the MSA 3¢ flank. We therefore deleted regions A1-A2 from bAlb to form bA3-A7. NRO analysis was then carried out on HeLa cells transfected with this construct (Fig. 4C) , and very efficient transcriptional termination was observed, shown by low signals over probes A and U3. This shows that the MSA 3¢ flank (like that of b-globin) contains multiple sequence elements that promote transcriptional termination. These additional elements may act as part of a ''fail-safe'' mechanism to guard against transcription beyond the major site of termination.
In Saccharomyces cerevisiae, the poly(A) signal is usually the only apparent cis-acting element that influences termination. In this light, it is possible that the MSA poly(A) site is sufficiently strong to terminate transcription of the endogenous MSA gene without the aid of downstream sequences. Therefore, although the sequences isolated in Figure 2 are necessary to terminate transcription in the presence of the b-globin poly(A) site, in the presence of the MSA poly(A) site they may be redundant. To test this possibility, an additional clone was made in which the b-globin poly(A) site was removed and replaced with the MSA poly(A) site in the absence of the MSA 3¢ flank, forming bD5-10ApA (Fig. 5A) . NRO was performed on cells transfected with either bD5-10ApA or, as a control, the previously described bD5-10 construct (Dye and Proudfoot 2001) . bD5-10 contains the b-globin gene and poly(A) site but no CoTC sequence and thus supports no significant transcriptional termination. Comparison of NRO results obtained from bD5-10 with those from bD5-10ApA revealed that the MSA poly(A) site had no effect on termination in the absence of a termination sequence, as observed by high signals over the readthrough probes A and U3 in NRO analysis (Fig.  5A, lower panel) . This result shows that additional sequences to the poly(A) site are required for termination of the endogenous MSA gene, a conclusion supported by data presented in Figures 1-4 . To reaffirm this conclusion the MSA 3¢ flanking region was inserted downstream of the MSA poly(A) site, within the bD5-10ApA clone, to form MSAlb. Pol II density over regions A1-A7 was then assayed by NRO (Fig. 5B) . The same experiment was also carried out on bAlb. By comparing bAlb to MSAlb, the relative influence of the b-globin and MSA poly(A) sites on termination could be assessed. Termination is relatively efficient in the MSAlb clone, as seen by the reduced signal over probes A4-A7. This illustrates the necessity for the A1-A3 termination region. Interestingly, Pol II density within the MSA 3¢ flanking region is slightly higher in the MSAlb clone as compared to the bAlb clone. This may be due to the MSA poly(A) site being weaker than the b-globin poly(A) site (see below).
To examine the relative strengths of the MSA and b-globin poly(A) sites we performed a poly(A) site competition assay (Fig. 5C ). Two additional clones were made whereby a synthetic poly(A) site (SPA) was inserted $200 bp downstream of either the b-globin poly(A) site in the bD5-10 construct (forming b/ SPA) or the MSA poly(A) site in the bD5-10ApA construct (forming Alb/ SPA). Cytoplasmic RNA, isolated from cells transfected with these constructs, was probed with homologous, endlabeled, DNA probes and subjected to S1 nuclease analysis to detect cleavage at the various poly(A) sites. In the Alb/SPA transfection, cleavage at the MSA poly(A) site and the SPA was observed, showing that a significant proportion of the MSA poly(A) site was out-competed by the downstream SPA. In contrast, RNA from the b/SPA transfection yielded products corresponding exclusively to cleavage at the b-globin poly(A) site since there was no apparent competition from the downstream SPA. This experiment shows that the b-globin poly(A) site is significantly stronger than the MSA poly(A) site. An extra lane is present, showing the result of probing RNA from a bD5-10ApA transfection with a probe specific to the MSA poly(A) site. In this case, a strong MSA poly(A) site-specific band is seen, further confirming that the MSA poly(A) site is functional. We predict that, because the MSA poly(A) site is relatively weak, the additional termination elements within regions A3-A7 are normally required to fully terminate transcription of the MSA gene. The RT-PCR of endogenous MSA expression and ChIP analysis (Fig. 1) did not provide the necessary resolution to test this possibility. We therefore employed a mouse liver cell line (HEPA1-6) and analyzed active Pol II transcription over the endogenous MSA 3¢ flank using NRO (Fig. 5D) . Although signals were low, the profile observed was slightly different from that obtained from the transfected bAlb plasmid in Figure 2B , with transcription continuing into A4 before termination takes place. We predict that this extended position of Pol II termination reflects the weaker activity of the MSA poly(A) signal. The signal observed over A4 is greater than that seen in the MSAlb NRO in Figure  5B . This may be due to differences in transcription levels between the endogenous MSA gene and the transfected bglobin construct. Alternatively, other signals required for termination, such as the 3¢ splice site in the final intron (which, in MSAlb, derives from the b-globin gene), might be stronger in the b-globin gene than in the MSA gene. These data also suggest that in the endogenous situation the downstream transcriptional terminators described above (A3-A7) are required to elicit efficient termination.
Some MSA termination region transcripts are cleaved cotranscriptionally
Previous RT-PCR analysis of b-globin 3¢ flanking region transcripts failed to detect products from positions more than $900 nt from the poly(A) site despite positive NRO signals over these regions (Dye and Proudfoot 2001) . This was because transcripts were cotranscriptionally cleaved within these regions prior to downstream Pol II termination. Interestingly, region A4, which gives a positive NRO signal in liver cells, is beyond the annealing site of primer D in Figure 1A . Even so, a Dspecific product from that position in the RT-PCR analysis was not observed, suggesting the possible presence of CoTC activity. We therefore examined the MSA 3¢ flank for potential CoTC activity. bAlb was transfected into HeLa cells and hybrid selection NRO analysis was performed. This technique allows analysis of transcript continuity between the transcribing Pol II and a chosen upstream point. Nascent nuclear transcripts are hybridized to a biotinylated anti-sense RNA probe specific to this chosen point. RNA hybrids are magnetically selected using streptavidin-coated magnetic beads. Selected transcripts are then released from the beads by hydrolysis and hybridized to a nitrocellulose filter containing genespecific M13 probes. This profile of selected transcripts is then compared to that of unselected transcripts that do not bind the biotinylated anti-sense RNA probe.
Radiolabeled nascent transcripts from the bAlb transfection were hybridized to a biotinylated anti-sense probe (pre-pA) specific to a region immediately upstream of the b-globin poly(A) site corresponding to probe B3 (Fig. 6A) . Transcripts, not cleaved at the poly(A) site, were found to be intact up to region A2, but no signal above background was observed over probe A3 or beyond (Fig. 6B, lower panel) . This is in contrast to the unselected Pol II density profile, which detects actively transcribing Pol II up to and within region A3 (Fig. 2B) . Confirmation for the specificity of the anti-sense pre-pA site probe can be seen by the unselected NRO profile (i.e., the RNA that escaped selection with the pre-pA site probe), which shows a high P signal (5¢ of the selection probe) but low signal over probe B3, corresponding to the selection probe. These data indicate that RNA transcribed from A2 is cleaved prior to transcription of region A3. However, the possibility remained that poly(A) site cleavage separated A3 transcripts from the pre-pA site selection probe. We therefore repeated the above experiment but this time used a biotinylated RNA probe specific to a region downstream of the poly(A) site (post-pA) (Fig. 6C ). In the selected RNA fraction we observed a reduced signal over A3 again recovered in the nonselected RNA (Fig. 6B , lower and upper panels, respectively). The specificity of the anti-sense post-pA site probe is again evident as the unselected NRO profile gives high P and B3 signals (upstream of the selection probe) but low signals over B4, corresponding to the selection probe. We were able to select transcripts extending up to 2.5 kb from the selection probe upon hybrid selection NRO analysis of bD5-10 with the post-pA probe (data not shown), indicating that the drop in signal over the MSA 3¢ flank observed here is not due to random RNA degradation. These selection experiments demonstrate that there is cleavage of some A2 transcripts. Consequently these results might explain the presence of Pol II on regions of the endogenous gene from which transcripts are undetectable by .
We finally examined the dependence of the MSA transcript cleavage on a poly(A) site, since b-globin CoTC was shown to occur in the absence of the poly(A) site. bAlbDpA was transfected and hybrid selection NRO analysis was performed using the biotinylated pre-and postpA selection probes (Fig. 7) . Selection of transcripts with the pre-pA site probe reveals a decline in signal intensity over A2-A7 as compared to the unselected profile (Fig.  7A ). This indicates that some cleavage of MSA 3¢ flanking region RNA occurs independently of the poly(A) site. Hybrid selection NRO analysis of bAlbDpA with the post-pA probe again resulted in a decline in signals, which over probes A4-A7, (Fig. 7B, lower panel) . However, these signals were somewhat higher than observed with the pre-pA site probe. Nevertheless, a higher percentage of the selected signal for probes A4-A7 was present in the unselected fraction (Fig. 7B, upper panel) as compared to the fraction. The finding that some A3-A7 transcripts are not cleaved upon mutation of the poly(A) site may reflect a less efficient mechanism as compared to human b-globin CoTC. Alternatively, some of the termination activity of region A2 might not depend on transcript cleavage. Overall, hybrid selection analysis, as shown in Figures 6 and 7 , for bAlb and bAlbDpA reveal that transcript cleavage is associated with regions A2-A4, and correlates with positions of Pol II termination on transfected gene constructs and on the endogenous MSA gene. 
DISCUSSION
Transcriptional termination in mammals requires coordination of specific sequence elements and proteins. Here we have identified multiple sequence elements in the MSA 3¢ flanking region that are necessary for transcriptional termination. Using hybrid selection NRO analysis, we have shown that many MSA 3¢ flanking transcripts are cleaved cotranscriptionally. RT-PCR data in Figure 1A indicate this transcript cleavage activity is also a feature of the endogenous gene. However, the lower NRO signals achieved from the endogenous MSA gene preclude the use of hybrid selection NRO analysis. Overall our data show that some MSA transcripts are cleaved cotranscriptionally and that sequences associated with this activity also promote termination.
The human b-globin gene CoTC element functions to terminate transcription irrespective of its distance from the poly(A) site, as does the MSA termination element described here. The 5¢ ! 3¢ exonuclease Xrn2 promotes termination from sites of b-globin CoTC ). Given the observations described here, it will be interesting to determine any role(s) of cleavage in the MSA 3¢ flank with regard to Xrn2-mediated termination.
The b-globin CoTC termination region is significantly AU-rich. However, the MSA 3¢ termination sequence appears not to be significantly enriched in A and U. A previous study on the human b-globin CoTC element pointed toward the importance of secondary structure (Teixeira et al. 2004) . Here it was suggested that autocatalytic cleavage by this structure brought about transcriptional termination. However, the low cleavage efficiency observed in vitro implies that, in vivo, further protein cofactors are required, either for the cleavage or for the maintenance of the secondary structure. Preliminary attempts to find autocatalytic cleavage sites in the MSA 3¢ flanking region did not yield any activity, although we cannot exclude the possibility that residual activity might exist if the correct fragment were analyzed. In light of these observations, the transcript instability in both the MSA and perhaps b-globin 3¢ flanking regions may be highly dependent on proteins.
Cotranscriptional packaging of RNA into RNP structures is essential to preserve genomic stability (Huertas and Aguilera 2003; Li and Manley 2005) . In yeast, mRNP packaging proteins such as Tho/TREX were shown to cross-link throughout genes but not downstream of poly(A) sites (Kim et al. 2004a) . We note that MSA 3¢ flanking region transcript cleavage is less robust than b-globin CoTC since mutation of the poly(A) site reduced the cleavage efficiency, as seen in Figure 7B . This may be due to perturbation of RNA structure and/or protein-RNA interactions if the ongoing mRNP packaging process is defective in the absence of a functional poly(A) signal. It is clear from analysis of both b-globin and MSA termination sequences that they comprise multiple redundant elements. Additional studies will be required to pinpoint the exact nature of both the RNA sequence involved and their potential protein partners.
MATERIALS AND METHODS
Constructs
bD5-10 and the Tat plasmid have been described previously (Adams et al. 1988; Dye and Proudfoot 2001) . bAlb was made by insertion of an EcoR1/PvuII restriction fragment of MSA genomic DNA into a vector prepared by PCR amplification of bD5-10 with oligos VF (5¢-CAGGAAACTATTACTCAAAGGGT A-3¢) and VR (5¢-CTTGAATCCTTTTCTGAGGGATG-3¢). bAlbDpA was made by ligation of a PCR amplification of bAlb using oligos DpA5¢ (5¢-CATTGCAATGATGTATTTAAA-3¢) and DpA3¢ (5¢-A ATCCAGATGCTCAAGGCCC-3¢). bDA5-A6 was made by ligation of a PCR amplification of bAlb using oligos M13105¢ and M1373¢. bDA4-A6 was made by ligation of a PCR product, generated by amplification of bAlb with oligos M13105¢ and M1363¢. bDA3-A6 was made by ligation of a PCR product, generated by amplification of bAlb with oligos M13105¢ and C2. bDA2-A6 was made by ligation of a PCR product, generated by amplification of bAlb with oligos M13105¢ and M1333¢. bA2 was made by insertion of a PCR product generated by amplification of bAlb with oligos M1335¢ and C2. bA3-A7 was made by inserting a Sac1/ PvuII generated restriction fragment of MSA genomic DNA into a vector generated by PCR amplification of bD5-10 using oligos VF and VR. b5-10ApA was generated by insertion of a PCR product obtained by amplification of mouse genomic DNA with oligos ApA5¢ and ApA3¢ into a vector prepared by PCR amplification of bD5-10 using oligos DpA3¢ and DbGU3¢ (5¢-CCTTGGGAAAATA CACTATATC-3¢). Alb/SPA was made by insertion of the annealed oligo pair SPAF (5¢-GATCCAATAAAAGATCTTTATTTT CATTAGATCTGTGTGTTGGTTTTTTGTGTGGATC-3¢) and SPAR (5¢-GATCCACACAAAAAACCAACACACAGATCTAATGAAAATAA AGATCTTTTATTGGATC-3¢) into a vector prepared by PCR amplification of bD5-10ApA using oligos VF and VR. b/SPA was made by insertion of the annealed SPAF/SPAR oligo pair into a vector prepared by PCR amplification of bD5-10 using oligos VF and VR. MSAlb was made by insertion of a product made by PCR amplification of bD5-10ApA using oligos ApA5¢ and ApA3¢ into a vector generated by PCR amplification of bAlb, using oligos DpA3¢ and DbGU3¢.
